The US and Canada have entered negotiations to modernize the Columbia River Treaty, signed in 1961. 9 Key priorities are balancing flood risk, hydropower production, and improving aquatic ecosystem function while 10 incorporating projected effects of climate change. In support of the US effort, Chegwidden et al. (2017) developed 11 a large-ensemble dataset of past and future daily flows at 396 sites throughout the Columbia River Basin (CRB) 12 and select other watersheds in western Washington and Oregon, generating a large ensemble using state-of-the 13 art climate and hydrologic models. In this study, we use that dataset -the largest now available -to present new 14 analyses of the effects of future climate change on flooding using water year maximum daily flows. For each 15 simulation, flood statistics are estimated from Generalized Extreme Value distributions fit to simulated water year 16 maximum daily flows for 50-year windows of the past (1950-1999) and future (2050-2099) periods. Our results 17
41
The Columbia River drains much of the Northwest, with the fourth largest annual flow volume in the US and a 42 drainage that includes portions of seven states plus the Canadian province of British Columbia (BC). Its numerous 43 federal and nonfederal dams provide flood protection, hydropower production, navigation, irrigation, and 44 recreation services. A treaty with Canada, signed in 1961, codified joint management of the river's reservoirs (and 45 funded construction of new reservoirs in BC) primarily to provide flood protection and hydropower production 5 .
46
The US and Canada have entered negotiations to update the treaty; the USA's "key objectives include continued, . Moreover, as a result of the substantial alteration of rivers to prevent flooding (e.g., by the construction of 61 dams and levees) during the observational period, the best long-term records -i.e., on streams with the least 62 modifications -are on rivers that were not producing sufficiently disruptive floods to lead decision-makers to 63 construct flood protection structures.
65
To interpret the ambiguous results from observed trends, Hamlet and Lettenmaier (2007) majority of locations with a higher 100-year flood, in some cases by a factor of 2 or more; while they projected 83 increases in every one of the warmer basins (>0°C), a substantial fraction of colder locations had decreases in 84 flood magnitude.
86
As noted above and detailed below, Chegwidden et al. (2019) describe the process used to generate the streamflow 87 ensemble used here. In addition, they used analysis of variance (ANOVA) to analyze the different influences of 88 choices of emissions scenario (as a Representative Concentration Pathway -RCP), GCM, downscaling method, 89 and hydrologic model, and how those influences varied spatially across the domain and also seasonally and by 90 hydrologic variable. They found that the RCP and GCM had the largest influence on the range of annual 91 streamflow volume and timing, and hydrologic model had the largest influence on low flows. The hydrologic 92 variables they considered were snowpack (maximum snow water equivalent and date of maximum SWE), annual 93 streamflow volume, centroid timing (the date at which half the water year's flow has passed), and seasonal 94 streamflow volume; primary focus was on centroid timing, annual volume, and minimum 7-day flow. They did 95 not examine maximum daily flow, which is the purpose of this paper. 
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For our analysis, we extracted a more tractable dataset of 40 simulations per location, by only considering 105 simulations with RCP 8.5 and the Multivariate Adaptive Constructed Analogs (MACA) downscaling method 106 (Abatzoglou and Brown, 2012) .
108
The rationale for using a subset of the available data is as follows. First, the time-dependent set of greenhouse gas 109 concentrations in RCP4.5 is fully included in RCP8.5, so any concentration of greenhouse gases on the RCP4.5 110 path can be converted to a point on RCP8.5 (at a different time). We analyzed results for both RCP8.5 and RCP4.5, and found that to first order the changes in flood magnitude in RCP4.5 were approximately 2/3 those in RCP8.5, 112 which is also roughly the ratio of global temperature change over the period considered (IPCC Summary for 113 Policymakers, 2014) . For clarity we show only the results for RCP8.5. Second, we considered only simulations 114 using the MACA downscaling method because of the method's ability to capture the daily GCM-simulated 129 Leavesley et al., 1983) . VIC and PRMS are process-based, energy balance models and were both run on the same 130 1/16th degree grid with output saved at a daily time step for the period 1950 to 2099. VIC also included a glacier 131 model (Hamman & Nijssen, 2015) . Three unique implementations of VIC were used with independently derived 132 parameter sets (P1, P2, P3) marked by differences in calibrated parameters, calibration methodology, and 133 meteorological and streamflow reference sets. See Chegwidden et al (2019) for details. It is important to note that 134 these hydrologic simulations and calibrations do not include reservoir models. balance between sample size favoring longer periods, and nonstationarity considerations favoring shorter periods.)
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We used Python's scipy.stats.genextreme module (Jones et al., 2001) to fit a Gumbel distribution and estimate 143 flood magnitudes for each return period. We assessed change in flood magnitude as the "discharge ratio" of the 144 estimated future to past floods for a given return period; a ratio greater than 1 indicates an increase in flood 145 magnitudes while a ratio less than 1 indicates a decrease.
147
We describe how changes in flood magnitude vary by climatic zone across the PNW by using an efficient and 148 internally consistent proxy for climatic zone: the centroid of timing -the day in the water year that half the annual 149 volume of water has passed through the location. The centroid of timing is a metric of snow dominance (e.g., 
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Points on the same river tend to be ordered from more to less snow dominant traveling downstream; strings of 165 circles in a smooth pattern sometimes indicate points on a given river, and a few of these are highlighted in Figure   166 4.
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A striking result in Figure 3 is that the flood magnitude increases (i.e., the discharge ratio exceeds one) at nearly 169 every flow location and return period (though not for every individual climate scenario, as shown in Figure 5 ). there is a wide range of projected changes in daily flood at many locations (indicated by the red coloring). This is 176 undoubtedly partly due to the GEV fit extrapolating from 50 to 100 years. Finally, for the basins with flow centroid 177 >160, the ratios have a smaller range, from slightly greater than 1 to a maximum that increases from about 2 for 178 the 10-year, to about 2.75 for 100-year.
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To understand better how flood magnitude changes along the length of a river, we focus ( Figure 4 
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Flow locations are listed in Table 3Rivers in the Appendix. The Columbia River includes the most snow-dominant 184 basins, with a centroid of >190 days (early to mid April) in the Canadian portion of the basin. The flood ratio 185 decreases almost uniformly along the length of the river, from 1.3 for the 10-year and >1.5 for the 100-year in the 186 Canadian portion to just above 1 at the last few points along the river (The Dalles, Bonneville, and Portland). Like 187 the Columbia, the Willamette also has flood ratios that decrease along the length of the river, from 1.7 to 1.35 for 188 both return periods. The McKenzie River (points 15-17), one of the three tributaries that converge at Eugene to 189 form the Willamette, is a highly aquifer-fed river with higher baseflow than is represented in the hydrologic 190 models, though it is unclear how that difference would manifest in the flood statistics.
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Surprisingly, the Snake behaves oppositely: flood ratio increases along the length of the river, until the confluence 193 with the Salmon River, which drains a large mountainous area of central Idaho. On parts of the Snake the ratios 194 are as high as 1.4 for 10-year and 1.6 for 100-year. Then after the confluence with the Salmon River, which has 195 much lower change in discharge ratio, the ratios on the Snake drop to about 1.2 for 10-year and about 1.3 for the 196 100-year. Our hypothesis is that in the Snake above the Salmon River, the tributaries shift from snow-dominant 197 to rain-dominant, so that a single storm can drive large rainfall-driven increases (possibly with a snowmelt attributing the decreases to fewer large rain-on-snow events. Our results for the Santiam River show an increase 277 of 40% for both 10-and 100-year floods; this result includes rain-on-snow events, since they are represented in 278 VIC, which computes the accumulation of water in the snowpack and determines whether sufficient energy has 279 been provided to create a melt event. Our results point to ubiquitous increases throughout the basin, even on the 280 lower mainstem Columbia. The coldest basins including the headwaters of the Columbia also had some large 281 increases in flood magnitude, suggesting that the former results were missing some key details. It seems likely 282 that any reduction in flood magnitude originating from the warming-induced reduction in spring snowpack is 283 offset by the increased pace of melt (including possibly rain-on-snow events). These results emphasize the 284 necessity of revisiting reservoir rule curves, which are strongly tied to historical hydrographs, and also emphasize 285 that changes in the seasonality of flooding can be dramatically different from the changes in the mean hydrograph.
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In particular, in the lower Snake and lower Columbia, changes in magnitude of flooding are modest but changes 287 in timing of the earliest quartile of flood events is much larger than the 0.5-1 month shift in the mean hydrograph. 
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Our results should not be taken as a precise prediction of flood magnitude change but rather as the best available 313 projections given the current state of the science. Two important factors need to be taken into account in 314 interpreting our results: first, in using RCP8.5, we selected the most extreme emissions scenario. If efforts to 315 stabilize the climate before 2050 are successful, the flood magnitudes shown here will undoubtedly be smaller 316 (our analysis suggests most of the locations would see a change in flood magnitude about 1/3 smaller, for RCP4.5; 317 e.g., a ratio of 1.3 (30% increase) for RCP8.5 would correspond to a ratio of 1.2 for RCP4.5).
319
The second important factor in interpreting our results is that the actual river system in the Northwest includes 320 many dams, a majority of which have flood control as a primary (or one of a few top) objective. As a result, actual , 479, 24-34, doi: 10.1016/j.jhydrol.2012.11.021, 2013. 
